The majority (w70%) of breast cancers are steroid hormone receptor (SR) positive at the time of diagnosis. Endocrine therapies that target estrogen receptor a (ERa) action (tamoxifen, toremifene, fulvestrant) or estrogen synthesis (aromatase inhibitors: letrozole, anastrozole, exemestane; or ovarian suppression) are a clinical mainstay. However, up to 50% of SRC breast cancers exhibit de novo or acquired resistance to these clinical interventions. Mechanisms of resistance to endocrine therapies often include upregulation and/or activation of signal transduction pathways that input to cell cycle regulation. Cyclin D1, the regulatory subunit of cyclin-dependent protein kinases four and six (CDK4/6) serves as a convergence point for multiple signaling pathways. In a recent paper entitled 'Therapeutically Activating Retinoblastoma (RB): Reestablishing Cell Cycle Control in Endocrine Therapy-Resistant Breast Cancer', Thangavel et al. reported maintenance of cyclin D1 expression and RB phosphorylation in the face of ER ablation in multiple breast cancer cell line models of endocrine resistance. RB-dysfunction defined a unique gene signature that was associated with luminal B-type breast cancer and predictive of poor response to endocrine therapies. Notably, a new CDK4/6 inhibitor (PD-0332991) was capable of inducing growth arrest by a mechanism that was most consistent with cellular senescence. In this review, these findings are discussed in the context of SRs as important mediators of cell cycle progression, and the frequent loss of cell cycle checkpoint control that typifies breast cancer progression. These studies provide renewed hope of effectively stabilizing endocrine-resistant breast cancers using available complementary (to endocrine-based therapies) cytostatic agents in the form of CDK4/6 inhibitors.
Introduction
Endocrine-based therapies aimed at blocking estrogen receptor (ER) action are well tolerated and offer a highly effective means of breast cancer therapy. However, breast tumor cells may escape from such front-line therapies and treatment of endocrine resistance remains a significant clinical challenge. Many basic and translational studies are aimed at reversing or preventing this type of resistance. A new article by Thangavel et al. (2011) appearing in the previous issue of Endocrine-Related Cancer suggests an effective means of targeting loss of cell cycle control in endocrine-resistant breast cancers. These investigators noted that a unique gene signature indicative of retinoblastoma (RB) protein loss of function could identify luminal B-type breast cancers most likely to fail on endocrine therapies. Cyclin D1 is a well-studied ER target gene that is required for estrogen-induced cell proliferation (Lukas et al. 1996) . Cyclin D1 binds to and activates cell cycle-dependent protein kinases four and six (CDK4/6) important for mediating phospho-RB-induced cell cycle progression at the G1/S boundary or 'checkpoint' (Fig. 1) . Other wellcharacterized functions of D-type cyclins include sequestration of cell cycle inhibitors (p21 and p27) from CDK2 and regulation of transcription (Stamatakos et al. 2010) . In MCF-7 cell line models of endocrineresistant breast tumors, cyclin D1 expression and phosphorylation of RB were maintained despite effective ER blockade. PD-0332991, a selective CDK4/6 inhibitor, blocked cell cycle progression of numerous endocrine-resistant breast cancer cell models. The work provides further insight that targeting the downstream mediators of ER action (cyclin D1 and CDK4/6) may provide a viable means to stabilize endocrine-resistant tumors. In this review, we discuss ER/cell cycle crosstalk and other (estrogen independent) regulatory inputs to cyclin D1 expression as they relate to loss of cell cycle checkpoint control and mechanisms of endocrine resistance. Challenges to the translation of these laboratory-based/preclinical findings to clinical use are also considered.
Mechanisms of ER-dependent and independent cell cycle regulation
Loss of cell cycle checkpoint control is a hallmark of breast and other cancers. The G1/S restriction point or checkpoint refers to the point in the cell cycle at which exogenous mitogens can be withdrawn and cells will still progress through the remaining cell cycle phases to complete one round of cell division (Johnson & Shapiro 2010) . Notably, in contrast to other cyclins, a wide variety of mitogenic signaling pathways (steroid hormones, PI3K/Akt, MAPKs, wnt/b-catenin, STATs, and NF-kB/IKK) converge at the level of cyclin D mRNA and/or protein upregulation (Witzel et al. 2010) . D-type cyclins (D1, D2, and D3) are the regulatory subunits of CDK4/6; the assembly, nuclear localization, and catalytic activity of these key kinases is highly regulated (Paternot et al. 2010) . They function as master integrators that couple mitogenic signaling cascades to the cell cycle by phosphorylation and inactivation of RB tumor suppressor proteins. CDK4/6-mediated phosphorylation of RB activates E2F transcription factors by causing their release from repressive (active) RB-containing complexes (Fig. 1) . Among the genes classically regulated by E2F include DNA polymerase and cyclins A and E, the binding partners of CDK2; cyclin E/CDK2 further maintains RB phosphorylation as cells transition through S phase followed by G2/M (Fig. 1) . During stressful conditions 
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that may induce DNA damage, upregulation of p53 leads to increased expression of the cell cycle inhibitor, p21 (WAP1/Cip1). P21 may stabilize or promote assembly of cyclin D/CDK4/6 complexes, but is classically defined as an inhibitor of CDK kinase activity (and substrate recognition), allowing the cell to pause so that DNA can be effectively repaired before S-phase entry when DNA replication occurs (Paternot et al. 2010) . Crosstalk between steroid hormone receptors (SRs) and the cell cycle is well appreciated . Insight to the mechanisms of endocrine resistance has come, in part, from a better understanding of hormone-induced changes in the cell cycle. Estrogen-bound ER induces cell cycle progression via transcriptional upregulation of cyclin D1 mRNA and protein expression . In addition, membrane-associated ERa molecules induce rapid activation of c-Src and MAPKs and are capable of transactivation of epidermal growth factor (EGFR) in breast cancer cells (Levin 2009 ). In response to steroid hormones or growth factors, sustained activation of Akt and MAPKs downstream of EGFR serves as a direct input to cyclin D1 upregulation and cell cycle progression; MAPK regulates AP1 (Fos/Jun) complexes that can induce cyclin D1 transcription independently of ER and phosphorylation events also stabilize cyclin D1 mRNA and/or protein (Witzel et al. 2010) . ER and cyclin D1 are also known to interact and may function as part of activated transcription complexes at selected ER target genes important for cell proliferation and prosurvival (Bernards 1999) . Inhibition of ER action commonly blocks breast cancer cell proliferation in the G0/G1 and/or G2 phases of the cell cycle, causing growth arrest and the induction of apoptosis (Sutherland et al. 1983 , Ichikawa et al. 2008 . These events are associated with reduced expression of cyclin D1, increased expression of p53 and p21 (WAF1/Cip1), and loss of Bcl-2, a prosurvival protein (Ichikawa et al. 2008) .
In breast cancer, a non-functional RB pathway, characterized by loss of RB or lack of concordance between RB phosphorylation and cell proliferation, is associated with tamoxifen-resistance (Lehn et al. 2011) . Furthermore, cyclin D1 expression is required for tamoxifen-induced cell cycle progression (Kilker & Planas-Silva 2006) , suggesting a role for CDK4/6 activity. Indeed, Finn et al. (2009) reported that breast cancer cell lines most likely to respond to CDK4/6 inhibitors (PD-0332991) contain high levels of cyclin D1 and phosphorylated RB, and low levels of CDKN2A (p16; the cell cycle inhibitor of CDK4/6). Thangavel et al. (2011) have extended these findings by testing numerous endocrine-resistant breast cancer cell (MCF-7) models with the same inhibitor and performing detailed cell cycle analyses to get at the mechanisms of cytostasis induced by CDK4/6 inhibition relative to tamoxifen-induced blockade of cell cycle progression. Upon inhibition of ER in serum-starved MCF-7 cells using pure antagonists (ICI 182,780), they observed greatly reduced RB phosphorylation and decreased expression of cyclins D1 and A, while p27/Kip1 levels increased; reactivated RB (dephosphorylated) associated with Sin3B and formed repressive complexes at target genes (DNA polymerase and cyclin A), as measured by ChIP assays. On the contrary, numerous MCF-7-derived endocrine-resistant models exhibited elevated Akt and/or MAPK activities (i.e. ER-independent inputs to cyclin D1 expression), and contained phosphorylated RB and elevated cyclins D1 and A, indicative of high CDK4/6 activity, although ER activity and/or expression was effectively eliminated. As predicted, these cells were only weakly affected by endocrine therapies, but were highly sensitive to CDK4/6 inhibition.
While the results of these studies are perhaps quite predictable (cancer cells easily escape from endocrine control and myriad ER-independent inputs to cyclin D1 expression and/or CDK4 activation exist; Fig. 1 ), they remind us of the need to more seriously consider targeting pathways well downstream of signaling inputs to cyclin D1; the nuts and bolts of the cell cycle may be a good place to start (Dalvai & Bystricky 2010) . Indeed, recent studies suggest that many cancer cells might be addicted to high CDK4/6 activity (Paternot et al. 2010) . Interestingly, Thangavel et al. (2011) found that in contrast to cytostasis induced by anti-estrogens (i.e. in sensitive cells), endocrineresistant cells treated with PD-0332991 appeared to exit the cell cycle (i.e. were blocked in G0) and enter a state of senescence, as measured by expression of senescence-associated b-galactosidase. The authors concluded that cytostasis (by fundamentally distinct mechanisms from those that are ER-regulated) may be achieved in endocrine-resistant cases. While the idea that blocking the cell cycle in different ways may be a viable strategy to treat resistant cancers is clearly expressed in the paper, the mechanisms of how or why CDK4/6-inhibited cells actually undergo senescence were not explored in any depth. In truth, mechanisms of cellular senescence and especially, cancer cell senescence are grossly understudied relative to what is known about regulation of proliferation or apoptosis (Lanigan et al. 2011) . In any case, the induction of senescence, wherein cells are irreversibly growth arrested but capable of long-term (years) survival, Endocrine-Related Cancer (2011) 18 C19-C24 www.endocrinology-journals.org C21 often involves altered (increased) expression of one or more cell cycle mediators, such as p21/Cip1 or p16/INK4A, events predicted to hyperactivate (dephosphorylate) RB and repress E2F (Jung et al. 2010 , Niu et al. 2011 . Perhaps targeting senescence (a highly regulated cell fate) as an approach to cancer therapy is a useful new future direction. Because of multiple or accumulated defects, cancer cells are generally vulnerable to any form of 'tinkering' with the cell cycle (Sherr 1996) . Going forward, a detailed understanding of how cells stably exit the cell cycle and if such (cancer) cells can then be easily killed seems warranted.
Challenges to translation of promising research findings to realistic clinical use
While these studies (Thangavel et al. 2011) suggest that multiple regulatory pathways can bypass ER function, how can the utility of CDK4/6 inhibitors ever be proven outside of model systems? An obvious way to validate preclinical findings is to perform clinical trials designed to test the proposed mechanisms of resistance. To date, there are no definitive clinical data suggesting that any combination of signal transduction pathway inhibitors with anti-ER strategies results in improved clinical benefit. Given the role for CDK4/6 and RB in mediating growth factor regulated tumor biology, an obvious application would be to test dual inhibition of growth factor and ER signaling. In patients with ER-positive, HER2-amplified tumors, the combination of the anti-HER2 therapies (trastuzumab or lapatinib) and an aromatase inhibitor was superior to the aromatase inhibitor alone in metastatic breast cancer (Johnston et al. 2009 , Kaufman et al. 2009 . While this might appear to suggest the dual combination is superior, this trial failed to include a trastuzumab arm alone or test the sequence of an aromatase inhibitor followed by trastuzumab. Thus, the trial design did not test the necessity of blocking both pathways. Indeed, the combination of an EGFR tyrosine kinase inhibitor with an aromatase inhibitor showed no benefit (Smith et al. 2007) . A recently reported trial examining an insulin-like growth factor 1 receptor (IGF1R) inhibitor plus an anti-ER therapy also suggested no benefit to the combination of drugs versus ER-blockade alone (Kaufman et al. 2010 ) Similarly, trials with rapamycin analogs (targeting mTOR signaling) have not clearly shown benefit for the combination of this drug with endocrine therapy (Johnston et al. 2007) .
So why are all these clinical trials negative? First, as suggested by the authors (Thangavel et al. 2011) , the right inhibitor may not have been tested yet in a clinical trial. Their data show direct inhibition of CDK4/6 was necessary to have effects on cell biology. None of the trials tested above directly addressed inhibition of CDK4/6; molecular targets tested in these studies also function as part of signaling pathways that lie well upstream of the CDK4/6 'node'. Secondly, there are many types of 'endocrine-resistant' breast cancer. The authors have utilized cell lines derived from the highly estrogen-dependent MCF-7 cell line. These cells, selected for tamoxifen resistance, display a heavy dependence on CDK4/6 function. In patients, there are many types of endocrine-resistant breast cancers. Some patients express ER and never respond to antiendocrine therapies. Some patient's relapse while taking tamoxifen, but more commonly we now see patients who relapse after optimal estrogen deprivation via aromatase inhibitors (probably by different mechanism(s) than occurs under tamoxifen relapse). Still other patients relapse months to years after 'completing' a standard course of endocrine therapy. The molecular mechanisms responsible for all these varied types of 'resistance' are likely to be different. Thirdly, in intact organisms, signal transduction or growth factor inhibitors can disrupt feedback loops that may interfere with their mechanism of action. This effect is clearest with monoclonal antibodies directed against IGF1R. Administration of these drugs disrupts negative feedback resulting in increased levels of GH, insulin, and IGF1 (Haluska et al. 2007) . Thus, the receptor inhibitor upregulates serum endocrine factors that act to oppose the inhibition.
Is it thus pointless to clinically test signal transduction inhibitors with endocrine therapies in breast cancer? A clinical trial testing the efficacy of an aromatase inhibitor (letrozole) with or without PD-0332991 is currently underway (NCT00721409) in first-line treatment of SR-positive advanced breast cancer. To gain the most information from this study, the type of endocrine resistance must be considered in the trial design. This trial excludes patients who have previously been treated for advanced breast cancer. Thus, the population has not been determined to be endocrine resistant. This trial design could potentially test two possibilities: CDK4/6 inhibition reverses de novo resistance or CDK4/6 inhibition delays development of acquired resistance. Neither of these possibilities was directly tested in the cell line models used by Thangavel et al. (2011) ; however, distinguishing between these two possibilities is not simple in the clinic. Ideally, tissue would be biopsied before initiation of therapy to examine and detect the RB gene signature that is indicative of activated CDK4/6 C A Lange and D Yee: Targeting cell cycle control in breast cancer www.endocrinology-journals.org C22 signaling pathways outlined in this preclinical work; non-invasive imaging techniques or capture of circulating tumor cells to measure CDK4/6 activity and ER expression would be even better. Once researchers have ascertained that the tumor has the appropriate 'on' signals (i.e. an inactive RB pathway), then the trial should test each inhibitor by itself with a mandated crossover to the opposite arm if the tumor progresses. Certainly, this is the way we would proceed in the laboratory, but this is too burdensome a trial design to ever be performed in the clinic. Unfortunately, the ability to obtain and coordinate high-quality tumor specimens in a multinational trial is also extraordinarily difficult. However, capturing biospecimens in the existing, well-designed 'conventional' trial design could be used to identify subsets of 'RB-inactive' ER-positive breast cancers that could benefit from inhibition of both CDK4/6 and ER. Encouraging preclinical studies such as those discussed in this review (Thangavel et al. 2011 ) provide a strong rationale for overcoming these hurdles with the goal of improving relapse-free survival from endocrineresistant breast cancer.
Summary
Therapy of breast cancer was simpler when there were only two types: ER-positive and negative. Now that we are beginning to understand the molecular subtypes of breast cancer, we are starting to appreciate that this disease is a collection of orphans. Perhaps each orphan needs its own therapy. There is also a need to understand and target cell fates other than proliferative signaling (i.e. induced senescence). Thangavel et al. (2011) have shown a CDK4/6-driven type of ER-positive breast cancer that responds well to selective kinase inhibitors (PD-0332991). Now, the challenge is to prove that this phenotype exists in the clinic and is responsive to RB reactivation by drugging it to death.
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